In this study, a comparative analysis of seed quality indicators of 1196 hybrid maize seed samples from the main maize-producing areas in China from 2013 to 2018 was carried out. The results showed that the maize seed quality in China had changed obviously in the past six years, and was mainly as follows: The percentage of samples with coated seed in 2015-2018 was higher than 62.8% in 2013 and all exceeded 97%; the sample rate of packaging according to seed number was from 24.5% in 2013 to 58.6% in 2018, and the percentage of samples which met the prescribed quality standards was from 89.2% in 2013 to 98.4% in 2018. Principal component analysis indicated that standard germination energy (SGE), standard germination percentage (SGP), cold test germination percentage (CTGP), accelerated aging test germination percentage (AATGP), and mean field seedling emergence (FSE) were the primary predictors of seed germination and seedling emergence. Meanwhile, combining other statistical methods, regression models of SGE, SGP, CTGP, and AATGP were established to predict the field seedling emergence. Furthermore, seed bulk density and total starch content were correlated with seed vigor, which needs to be further studied. This study offered a theoretical basis and data support to better understand the changes of maize quality in China over the past six years, and provided an important reference to further improve the maize seed quality in the future.
Introduction
In China, hybrid maize comprises more than 95% of maize cultivation [1] , and the annual demand for hybrid seeds is approximately 1.1 billion kg [2] . The production of high-quality hybrid maize seeds is one of the foundations of successful agriculture and can comprehensively enhance the development level of modern agriculture. For a long time, China has many seed companies (5808 companies in 2018, data from China Seed Congress 2019, Beijing, China) and crop varieties. It is worth noting that the seed production levels of different seed enterprises are inconsistent. This may be due to the low entry threshold of China's seed enterprises in the past. In contrast, most maize growers in the USA depend
Plant Materials
From 2013 to 2018, the samples of commercial maize hybrid seeds collected from NHNSS were used in this study. The variety coverage rate was over 90% to ensure that samples taken were representative of all commercial maize varieties. Two rules of the sample collection were as follows:
(1) each sample was a cultivar; (2) each cultivar had only one sample collected, except for individual cultivars with multipacks. Moreover, related conclusions were verified again using 30 maize seed varieties produced by hand pollination (Table S1) in 2018. A total of 100 samples with complete packaging and a specific date regarding manufacture and manufacturer were randomly selected each year. These samples data were used to make further comparison and statistical analysis, including Agronomy 2019, 9, 625 3 of 20 principal component analysis. All seeds were stored in a low temperature and low humidity seed bank (Beijing Kulan Technology Co., Ltd., Beijing, China) at 10 • C, 40% RH (relative humidity).
Measurements

Sample Information
The basic information included sales, packaging, coating, seed type, and package label information (e.g., seed moisture content).
Seed Purity and Varietal Purity Test
Seed purity and varietal purity were measured according to the International Rules for Seed Testing [16] and the Rules for Agricultural Seed Testing (GB/T3543-1995) [17] . Among them, the varietal purity test mainly adopted the morphological identification method.
Sample Seed Type Classification
According to the main type of actual seeds and the structure of endosperm [18, 19] , the collected samples were classified into four types: dent, half-dent, half-flint, and flint.
Thousand-Seed Weight, Seed Moisture Content, Seed Bulk Density, and Seed Hardness Test
Seeds were randomly selected from each sample in this study. The thousand-seed weight was measured using 500 seeds in each of three replicates and then converted into thousand-seed weight. For the seed moisture test, seeds were ground and dried at 130 ± 0.5 • C for four hours [20] , and the moisture content was calculated on the fresh-weight basis. The seed bulk density was measured by a volume-weight instrument (Seedburo 151). For the seed hardness test, the average value of flat compression yield stress, side compression yield stress and column compression yield stress were measured using ten seeds of each sample by an electronic universal testing machine (SANS CMT5204).
Total Starch Content, Crude Protein Content, and Crude Fat Content Test
The total starch content, crude protein content, and crude fat content of samples were measured using the dual-wavelength method [21] , Kjeldahl method [22] , and Soxhlet extraction [23] , respectively. At the same time, the experiments were carried out by referring to the methods introduced in the Experimental Technology of Seed Science [24] . The experiments were repeated three times. Three indices were calculated, as follows: 1 . Total starch content (%) = amylose content (%) + amylopectin content (%); amylose content (%) = {[A × a × (b/c)]/m} × 10 −6 × 100 = A/(10 × m), amylopectin content (%) = {[B × a × (b/c)]/m} × 10 −6 × 100 = B/(10 × m), where A = amylose concentration in sample solution (µg/mL); a = the total volume of the solution after the addition of 50 mL iodine reagent; b = the total volume of the solution after the addition of 50 mL KOH; c = the sample solution suction volume, 2.5 mL; m = sample mass (g); 10 −6 = converted µg into g; 100 = the percentage of starch content; B = amylopectin concentration in sample solution (µg/mL). 2 
. Crude protein content (%, dry basis)
× 100, where V 2 = the volume of consumed acid standard solution in sample titration (mL); V 1 = the volume of consumed acid standard solution in blank titration (mL); M = the concentration of the standard acid solution (mol/L); K = the coefficient of nitrogen conversion to crude protein; m = sample mass (g); X = sample moisture content; 0.0140 = grams of nitrogen per mM. 3 . Crude fat content (%, dry basis) = [crude fat mass (g)/sample mass (g) × (1 − moisture content)] × 100. 
Germination Test
Seeds were randomly selected for germination and surface sterilized for ten minutes in 1% NaClO (w/v, Beijing Chemical Reagent Company, Beijing, China) and then washed thrice with distilled water (the coated seeds were cleaned with distilled water before surface sterilization). For rolled paper germination, two pieces of germination paper (Anchor Paper Co., St Paul, MN, USA) were stacked and wet by distilled water. Excess water on the paper was removed by a towel, then the sterilized seeds were placed in a loose vertical roll of germination paper and incubated at 25 ± 0.5 • C in a Versatile Environmental Test Chamber (MGC-350HP, Shanghai Yiheng Technology Instrument Co., Ltd., Shanghai, China) with three replicates of 100 seeds and germination in darkness [25] . The standard germination energy (SGE) and standard germination percentage (SGP) were determined on the fourth and seventh day, respectively, after the test had been set up [24] . SGP is the number of normal seedlings on the seventh day after the seed was planted.
Samples Met the Prescribed Quality Standards Test
According to the Seed Law of the People's Republic of China [26] , if any one of the SGP, seed purity, varietal purity, and seed moisture content is under the national standard or label, the sample should be identified as unqualified. With reference to the Chinese national standard (GB4404. [27] and the Rules for Agricultural Seed Testing [28] , the minimum quality standards of the SGP, seed purity, and varietal purity for maize seeds sold on the market should not be less than 85%, 96.0%, and 98.0%, respectively, as well as not less than the sample's packing label value. Additionally, the seed moisture content should not be more than 13.0% (the national standard), as well as not more than the sample's packing label value.
Pest Damage Rate Test
Referring to the Rules for Agricultural Seed Testing (GB/T 3543.7-1995, National Standards of the People's Republic of China) [17] and Experimental Technology of Seed Science [24] , "visual examination + potassium permanganate staining + anatomical examination" method was used, three replicates of 400 seeds were used for the pest damage rate test. The pest damage rate (%) = (number of seeds with pest damage/number of seeds tested) × 100.
Seed Breakage Rate Test
Referring to the Modern Seed and Seedling Lab Manual [29] , three replicates of 200 seeds were used for seed breakage rate testing. The fast green staining method was used to count the broken seeds and obvious crack seeds. The seed breakage rate (%) = (number of damaged seeds/number of seeds tested) × 100.
Cold Test and Accelerated Aging Test
The cold test and accelerated aging test were conducted referring to the Seed Quality Testing and Evaluation Manual of Corn (Zea mays) [30] and ISTA Rules [16] , respectively. For the cold test, three replicates of 100 seeds were held in moist paper towels for seven days at 10 ± 0.5 • C followed by seven days at 25 ± 0.5 • C in the dark, and normal germination was counted to calculate the cold test germination percentage (CTGP). There was moist soil medium taken from a maize field (pH: 6-8) on paper towels. For the accelerated aging test, each sample had three replicates, with 100 seeds in each replicate. Each group of 100 seeds was placed on the accelerated aging box (12 cm × 12 cm) before they were placed in the seed aging test chamber (LH-150S, Hangzhou Qianjiang Instrument and Equipment Co., Ltd., Hangzhou, China) precisely set at 43 ± 0.3 • C, 98% RH (relative humidity) and left for 72 h. After accelerated aging treatment, seeds were carried out for a germination test at 25 ± 0.5 • C for seven days in the dark, after which normal seedlings were counted to calculate the accelerated aging test germination percentage (AATGP) [31] . 
Field Seedling Emergence Test
For field seedling emergence, the samples were sown at the Jiaozhou, Laiyang, and Jimo experimental base, Shandong, China, in 2013 to 2018. The three experimental sites all belong to the temperate continental monsoon climate, semihumid, and drought-prone areas. In this region, the environmental stresses affecting maize seed field seedling emergence mainly include low temperature, high temperature, and drought. For example, here, maize field seedling emergence is vulnerable to low temperature stress during spring sowing, the average maximum temperature and the average minimum temperature in May 2018 of Jimo were 22 • C and 14 • C, respectively. Moreover, the soil types of seed bed in Jiaozhou, Laiyang, and Jimo experimental sites were sandy soil, loam soil, and sandy soil, respectively, and their soil organic matter content of them was 14.9, 13.7, and 9.6 g/kg, and their soil pH values of them were 7.3, 7.5, and 6.6, respectively.
In this study, the row spacing, spacing between rows, and length of rows were 0.06, 0.06, and 0.60 m, respectively. The seeds were sown using a single-seed planting method, with 10 seeds in each row, 10 rows (continuous row, 100 seeds) per replication, and three replications. Seed arrangement was based on the partition comparison method design. The field seedling emergence test was completed in May. FSE was counted at the three-leaf stage of maize. FSE (%) = [mean FSE-Jiaozhou (%) + mean FSE-Laiyang (%) + mean FSE-Jimo (%)]/3.
Statistical Analysis
Data for the seed germination test, seed bulk density test, seed hardness test, seed chemical component indices test, cold test, accelerated aging test, and field seedling emergence were analyzed by a one-way analysis of variance (ANOVA) using the SAS statistical software package (SAS Institute) [32] , followed by the calculation of the lowest significant differences (LSD). The data was used to make a comparison and statistical analysis by SPSS 11.0, Matlab 7.0, and Excel including descriptive statistics analysis, principal component analysis, cluster analysis, correlation analysis, and regression analysis.
The annual works were completed from March to September in the Lab of Seed Science & Engineering, Qingdao Agricultural University.
Results
Overview of Sample Collection
From 2013 to 2018, we collected 1196 samples of maize hybrid cultivars covering 17 provinces of China, and the number of samples was 164, 266, 206, 198, 171, and 191, respectively (Figure 1 ). Dent and half-dent samples comprised the majority of all the samples with proportions of 24.2% and 53.8%, respectively. Moreover, we found that dent samples were mainly distributed in the northern provinces and flint samples in the south provinces ( Figure 1A) . A total of 359, 203, 170, and 103 samples were collected from Shandong, Henan, Peking, and Hebei, respectively. Compared with these provinces, the number of samples collected from Zhejiang, Hubei, and Guangdong was relatively small ( Figure 1B) .
Compared with 2013 and 2014, the sample coating rate (SCR, namely the percentage of samples with coated seed; here seed coating means film coating), sample packaging rate, sample rate of packaging according to seed number (SRPASN) were relatively high from 2015 to 2018. On the contrary, the sample rate of packaging according to seed weight (SRPASW) exhibited a downward trend ( Figure 2A ). By analyzing the statistical data of packaging identification information from all packaged samples, we found that there were 2, 3, 7, 4, 23, and 9 identity types of varietal purity, seed purity, germination percentage, seed moisture content, seed packaging number, and seed packaging weight, respectively ( Figure 2B ). Among them, multiple types of seed packaging number and seed packaging weight were related to the characteristics of maize varieties and the requirements of mechanization precision planting. Moreover, based on the seed production location choice priority, we found that Gansu, Xinjiang, Liaoning, and Ningxia were the main locations for seed production in NHNSS ( Figure 2C ). This is because these locations have excellent geographical conditions, climate, and soil for maize seed production. In addition to these considerations, abundant labor resources, convenient transportation, and the low cost of fertilizer and water are also important aspects of the priority selection of a seed production base [33] . Compared with 2013 and 2014, the sample coating rate (SCR, namely the percentage of samples with coated seed; here seed coating means film coating), sample packaging rate, sample rate of packaging according to seed number (SRPASN) were relatively high from 2015 to 2018. On the 
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Compared with 2013 and 2014, the mean standard germination energy (SGE), and standard germination percentage (SGP) were relatively high from 2015 to 2018. On the contrary, the mean seed Agronomy 2019, 9, 625 8 of 20 breakage rate, and pest damage rate exhibited a downward trend. In particular, the mean SGE and SGP initially increased, then slightly decreased, and finally increased. The mean SGP was 91.8% in 2013 to 95.4% in 2016 but decreased to 92.7% in 2017 ( Figure 3A ), which may be attributed to the excessive production capacity of maize in China in 2015 and/or 2016. Furthermore, we found that the mean SGP slightly fluctuated from 2013 to 2018, but the value each year was over 92% except for 2013 (91.8%), which was clearly higher than the national standard germination percentage (85%). The mean varietal purity and the mean seed purity both exceeded the national standard and were close to 100%. By contrast, the mean seed breakage rate decreased, from 7.1% in 2013 to 4.3% in 2018 ( Figure 3A ). The sample coating rate (SCR, namely the percentage of samples with coated seed) increased from 62.8% in 2013 to 97.9% in 2018. The mean pest damage rate decreased from 1.7% in 2013 to 0 in 2016-2018 ( Figure 3A ). This finding is in line with the significant improvement of China's control technology of seed diseases and insect pests in recent years. This is also evidenced by the increasing SCR. Moreover, some seed coatings contain specific fungicides, insecticides, and so on, which can effectively reduce or avoid the occurrence of seed diseases or insect pests (Figure 2A ). The mean seed moisture content was 11%-12% which was lower than the national standard of safe water content (13%) each year ( Figure 3A) . Judging from the sample qualification rate (the packing samples), the index showed a steady upward trend, from 89.2% in 2013 to 98.4% in 2018, which also marked the continuous improvement of the overall quality level of Chinese maize seeds compared with the past ( Figure 3B ). 
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Descriptive statistics were used to summarize the data of seed quality indices of maize samples from 2013 to 2018 (Table S2 ). Through the variation of the maximum, minimum, and mean value of 
Descriptive statistics were used to summarize the data of seed quality indices of maize samples from 2013 to 2018 (Table S2 ). Through the variation of the maximum, minimum, and mean value of 14 seed quality indices among different years, we found that the mean SGE, SGP, cold test germination percentage (CTGP), accelerated aging test germination percentage (AATGP), and FSE were on the rise. Additionally, the coefficients of variation of most seed quality indices were under 12.6%, except for flat compression yield stress, side compression yield stress, and column compression yield stress, with a relatively high coefficient of variation. This showed the data centralization of the various indices was good.
Principal Component Analysis of Seed Quality Indices from 2013 to 2018
In this paper, the factor analysis to estimate the loadings is performed by applying the method of principal component analysis. Based on the Kaiser-Meyer-Olkin (KMO) and Bartlett's test, results indicated that the KMO measure of sampling adequacy and significance level of Bartlett's test of sphericity of all the original data for each year were >0.6 and <0.05, respectively (Table S3 ). These showed that the degree of common variance among the variables each year was quite high; therefore, factor analysis could be conducted. Based on the output of communalities for maize seed quality indices from 2013 to 2018, we found that the communalities of variables of "seed bulk density (2013)", "column compression yield stress (2015)", "column compression yield stress (2018)", "total starch content (2017)", "AATGP (2015)", and "AATGP (2016)" were less than 0.5. The six variables had a lower portion of the variance that contributed to the common factors ( Table 1 ). The communality is the sum of squares of the loadings of the variable. Therefore, the six variables can be taken out from the data set. In this study, two methods were used to decide the number of factors: i.e., the scree plot ( Figure S1 ) and the total variance explained ( Table 2 and Table S4 ). Based on the scree plots ( Figure S1 ), five common factors can be extracted from the data of maize seed quality indices each year. Each year five principal components with eigen values more than 1 were extracted. The representation of the first five principal components is also shown in Table S6 , in which the associations between maize seed quality indices can be seen. As listed in Table 2 and Table S4 , principal component analysis led to a reduction of the initial dimension of the dataset to five components which explained 65.5% (2013), 70.3% (2014), 66.0% (2015), 63.9% (2016), 69.4% (2017), and 66.4% (2018) of the data variation. Each year, the first principal component that, with the high loadings, accounted for 25.0% (2013), 31.3% (2014), 27.2% (2015), 24.5% (2016), 28.8% (2017), and 31.0% (2018) of variance appeared to represent a 'resembles the seed germination and field seedling emergence factor'. The second principal component explained 12.8% (2013), 13.6% (2014), 13.9% (2015), 13.0% (2016), 14.1% (2017), and 12.8% (2018) of variance, mainly appearing to represent a 'resembles the seed physical characteristics factor'. Furthermore, the third group mainly appeared to represent a 'resembles the seed chemical characteristics factor' ( Table 2, Tables S4 and S6 ). It was interesting that the seed quality indices of the annual first principal component were closely related to seed germination and seedling, and SGE, CTGP, and AATGP, which are seed vigor indices. 
Cluster Analysis of Maize Seed Quality Indices from 2013 to 2018
In this study, we performed clustering analysis of maize seed quality indices from 2013 to 2018 with the system clustering method and summarized the key indices for seed quality evaluation. Based on the results of the hierarchical cluster analysis ( Figure S2 ) and agglomeration schedule (Table S5) of maize seed quality indices from 2013 to 2018, we found that the 14 seed quality indices were combined at the different stages with the mean distances for combining the clusters (Table S5) . Large coefficients or small coefficients in Table S5 indicated that a cluster was relatively heterogeneous and contained units which were considerably different from each other. Fourteen maize seed quality indices were divided into 7, 7, 6, 6, 4, and 6 groups from 2013 to 2018, respectively (Table 3) . Each year, most of the indices of the first group were associated with seed germination and seedlings, which was consistent with the result of principal component analysis. Furthermore, the total starch content was grouped into the first group for most of the six years; this might be associated with the amylase activity, which could play an important role in promoting seed germination [34] . Besides this, the indices belonging to the second group were associated with seed hardness. SGP  CTGP  FSE  AATGP  TSC  2  FCYS  SCYS  SBD  3  TSW  4  CCYS  CFC  5  CPC  6  SMC   2016   1  SGE  SGP  CTGP  FSE  AATGP  TSC  2  SBD  FCYS  SCYS  3  TSW  4  SMC  5  CCYS  CFC  6  CPC   2017   1  CTGP  FSE  SGE  SGP  TSC  AATGP  2  SBD  FCYS  SCYS  TSW  3  CCYS  CFC  CPC  4  SMC   2018   1  SGP  FSE  CTGP  SGE  AATGP  2  FCYS  SCYS  CCYS  TSC  3  CPC  4  TSW  CFC  5 SMC SBD Note: TSW-thousand-seed weight; SBD-seed bulk density; FCYS-flat compression yield stress; SCYS-side compression yield stress; CCYS-column compression yield stress; SMC-seed moisture content; TSC-total starch content; CPC-crude protein content; CFC-crude fat content; SGE-standard germination energy; SGP-standard germination percentage; CTGP-cold test germination percentage; AATGP-accelerated aging test germination percentage; FSE-mean field seedling emergence. Component 1 represents a 'resembles the seed germination and field seedling emergence factor'.
Correlation Analysis of Maize Seed Quality Indices
There were significant correlations for SGE (r = 0.650, 0.795, 0.674, 0.556, 0.730, and 0.382 from 2013 to 2018, respectively; p < 0.01), SGP (r = 0.551, 0.803, 0.621, 0.592, 0.677, and 0.819 from 2013 to 2018, respectively; p < 0.01), CTGP (r = 0.578, 0.798, 0.697, 0.695, 0.833, and 0.838 from 2013 to 2018, respectively; p < 0.01), and AATGP (r = 0.383, 0.585, 0.421, 0.430, 0.428, and 0.639 from 2013 to 2018, respectively; p < 0.01) with FSE (Table 4 and Table S7 ). Additionally, we found a positive correlation between the seed bulk density, flat compression yield stress, total starch content, and FSE, and for some years the correlation coefficients were significant or highly significant. Besides this, some other relationships were obtained as follows: (1) each year, the seed bulk density was highly positively correlated with flat compression yield stress (r = 0.311, 0.406, 0.449, 0.397, 0.555, and 0.330 from 2013 to 2018, respectively; p < 0.01); (2) the total starch content was negatively correlated with the crude protein content and positively correlated with the SGE, SGP, CTGP, AATGP from 2013 to 2018, and for some years the correlation coefficients were significant or highly significant; (3) the SGE, SGP, CTGP, and AATGP were positively or highly positively correlated with each other from 2013 to 2018. According to the correlation analysis, the results of seed quality indices of 30 maize varieties seeds hand pollinated ( Table 4 , Tables S1 and S8) have further proved the validity of these conclusions. Table 4 . Relationships between seed physical and chemical indices, seed germination indices, and mean field seedling emergence (FSE). 
Variance Analysis of Maize Seed Quality Indices from 2013 to 2018
As shown in Table 5 , data for maize seed quality indices from 2013 to 2018 were analyzed by one-way analysis of variance (ANOVA). Compared with 2013, the mean thousand-seed weight (TSW), seed bulk density (SBD), side compression yield stress (SCYS), total starch content (TSC), crude protein content (CPC), and crude fat content (CFC) in other years had no significant difference except the mean SBD (2015), SCYS (2016), TSC (2016), and CPC (2014). However, compared with 2013, the mean flat compression yield stress (FCYS), column compression yield stress (CCYS), seed moisture content (SMC), standard germination energy (SGE), standard germination percentage (SGP), cold test germination percentage (CTGP), accelerated aging test germination percentage (AATGP), and mean field seedling emergence (FSE) had significant differences (p < 0.05 or p < 0.01) except the mean FCYS (2015), CCYS (2014, 2018), SMC (2014), and SGP (2017). Additionally, the mean SGE, SGP, CTGP, AATGP, and FSE all tended to increase from 2013 to 2016. In particular, all five indices in 2018 reached significant differences (p < 0.01) compared with 2013 (Table 5 ). 
Regression Analysis for Data of Maize Seed Quality Indices from 2013 to 2018
In this study, the indices of the first principal component represent a 'resembles the seed germination and field seedling emergence factor' and can be classified into the same cluster ( Figure S2 and Table S5 ). It is important to use the regression analysis method to establish a model to predict FSE by using the first main component and other seed quality indices. The seed quality indices of the first principal component in each year from 2013 to 2018 are as follows: SGE, SGP, CTGP, FSE (2013 and 2017), and SGE, SGP, CTGP, AATGP, FSE (2014, 2015, 2016, and 2018) . Different seed quality indices and FSE showed a more obvious linear trend or curve trend ( Figure S3 ). Through curve estimation, the suitable model for each variable of FSE prediction in different years was determined. Linear curve, quadratic curve, and cubic curve regression models were used to estimate the curve, and the results showed that the fitting degree of the cubic curve model and quadratic curve model was significantly better than the linear model (Table S9 ). Taking SGE, SGP, and CTGP in 2013 as an example, the R 2 values of the equation, quadratic and cubic model were higher than the linear model. The R 2 value and F value of quadratic equations and cubic equations of SGE were the same. The models with good fitting degree are the quadratic curve model and the cubic curve model. Considering that the cubic curve model is more complex than the quadratic curve model, it is ideal to choose the quadratic curve model. According to the curve estimation, SGE, SGP, and FSE are suitable for the linear model, while CTGP and FSE are more suitable for the cubic curve model. The cubic curve function can be transformed into the quadratic curve function, the cube of CTGP can be introduced as a new independent variable, and the regression model of SGE, SGP, CTGP, SGE square, SGP square, CTGP square, CTGP cube, and FSE can be established by multivariate linear regression analysis, and the regression model for each index in 2013-2018 is shown in Tables S10 and S11.
In addition, we adopted SGE, SGP, and CTGP, three indices of data for six years, to build a mathematical model to predict FSE (Table S11, Figure 4 ), and the equation is given by
where x SGE is SGE, x SGP is SGP, x CTGP is CTGP, y is FSE, ε is random error, and β i is the regression coefficient.
coefficient.
Equation (2) can be simplified to:
The above all models can effectively predict FSE. Obtaining a solution, the equation is given by:
where x SGE is SGE, x SGP is SGP, x CTGP is CTGP, y is FSE, ε is random error, and β i is the regression coefficient. Equation (2) can be simplified to:
The above all models can effectively predict FSE.
Discussion
Maize is a high-yielding crop used for food, feed, energy, and industrial materials. It is vital for global food security. Moreover, China is an important maize-producing country globally. Understanding the changes of maize seed quality in the main production areas of China in the past six years will be important for further improving the quality of China's maize seeds, breeding high-vigor maize, and promoting the rapid development of modern agriculture.
From 2013 to 2018, we collected 1196 maize hybrid cultivar samples in the market from the NHNSS regions of China. We acquired the basic information of these samples, including the variety name, collecting location, packaging type, seed type, and package label information. Meanwhile, the seed quality tests were performed mainly according to the International Rules for Seed Testing made by the ISTA [16] and Rules for Agricultural Seed Testing [17] . In particular, the maize seed quality indices were performed for comparative analysis in different years, and the relationships between seed quality-related indices and FSE were investigated. Some results attracted our attention. First, the sample packaging rate was only 84.8% in 2013, and it has been on the rise in recent years; for example, it was 97.4% in 2018. This is closely related to the application and implementation of the Seed Law of the People's Republic of China [26] and the promotion of people's seed quality consciousness. With the single seed sowing technology popularized and applied to maize, high-quality seeds are an important prerequisite for applying this technology to obtain high yield [35] . The sample coating rate, namely the percentage of samples with coated seed obviously increased from 2013 to 2018. Seed coating has been used widely in the production if many crops production. This may be due to its specialized functions to improve handling, protection, and, to a lesser extent, germination enhancement and plant establishment [36] [37] [38] [39] . Packaging according to seed number has changed the unit of measurement of maize packaging, which mainly depends on the variety characteristics such as the number of plants in the unit area. The SRPASN climbed to 58.6% in 2018 from 24.5% in 2013. Wang et al. [14] concluded that the seed quality of samples packaged according to seed number was better than that of samples packaged according to seed weight, and multiple types of seed packaging number were related to the characteristics of maize varieties and the requirements of mechanization precision planting. Therefore, the increase in sample coating rate and SRPASN are important aspects that signify the improvement in maize seed quality in China.
Second, the mean standard germination percentage (SGP) increased from 91.8% in 2013 to 95.1% in 2018. However, the index slightly declined in 2017 compared with 2016. The main reason for this may be attributed to the excessive production capacity of maize in China in 2015 and/or 2016, which led to the samples with old seeds making up a high proportion of the total in 2017. Furthermore, the overproduction of maize seeds led to a large amount of seeds being in stock. Seeds stored for a long time will obviously age, which leads to decreased seed quality-related indices, such as seed vigor. According to the Seed Law of the People's Republic of China, seeds stored for a long time can be sold on the market as long as the standard germination percentage is not lower than the national standard germination percentage (85%) [31] . It is noteworthy that seed vigor declines continuously during seed storage, and the degree of seed vigor decline is commonly associated with different maize varieties and seed high-vigor maintenance techniques. According to the quality standards for grain crop seeds in China (GB4404. [27] and the Seed Law of the People's Republic of China [26] , maize samples seeds in different years of production also can be sold on the market as long as the standard germination percentage of these seeds is not less than 85%. For example, in 2017, many sample packaging bags were not marked with the production date; instead, the seed testing date or seed processing date was indicated. Therefore, the quality of seeds stored for a long time has already declined. How to effectively improve seed stand storage has become a great concern at the present stage of maize seed destocking in China.
Third, the sample qualification rate, namely the percentage of samples which met the prescribed quality standards continued to increase and even reached 98.4% in 2018. This finding reflects the increase in maize seed quality. However, compared with developed countries, there is still great room for the improvement and control of seed quality. We think there are two aspects of the problem that need to be solved: on the one hand, at present, there are only four indicators for evaluating seed quality in China, including varietal purity, seed purity, germination percentage, and seed moisture content, and there is no form of explanation or requirement for the indices of seed vigor; on the other hand, compared with seed companies in developed countries (e.g., DuPont Pioneer, which had an identifying germination percentage of ≥95% for maize seed production six years ago), the current national standard germination percentage of China is only 85%. Thus, it is necessary to raise the current standards of seed quality in China while adding the indices of seed vigor to meet the future challenge of maize seed quality. Based on the analysis of this research, we suggest increasing the GP of current national standards from 85% to 92%. Finally, there are more types of purity, clarity, standard germination percentage, moisture, seed packing number, and seed packing weight of the packaging label. This is because different varieties have different characteristics. More importantly, China has many seed companies and maize varieties. This may be due to the low entry threshold of China's seed enterprises in the past (8700 companies in 2010, data from China Seed Congress 2019, Beijing, China), and this leads to seed production levels becoming uneven. Therefore, in the future, China will continuously raise the entry of threshold of seed enterprises, constantly improve the level of seed production and processing, and guarantee the production of high-quality seeds.
In addition, the 14 seed quality indices data of 100 maize samples per year were used for comparative analysis. Five principal typical components from 14 seed quality indices' data each year were extracted by the principal component analysis. The top three components were 'resembles the seed germination and field seedling emergence factor', 'resembles the seed physical characteristics factor', and 'resembles the seed chemical characteristics factor', respectively. Among them, the first component that explained a 25.0% in 2013, 31.3% in 2014, 27.2% in 2015, 24.5% in 2016, 28.8% in 2017, and 31.0% in 2018 of the data variation received more attention ( Table 2 and Table S4 ). In particular, the results of cluster analysis showed that the indices of the first principal component (resembles the seed germination and field seedling emergence factor) can be classified into the same cluster annually ( Figure S2 , Table S5 ).
It is of great significance to understand the relationship between different seed quality indices and FSE for seed quality control. In this research, based on the samples collected in the market from 2013 to 2018 and 30 samples of seeds from different hybrid varieties intercrossed by hand in 2018, we obtained the following main conclusions: (1) there were significantly correlations (p < 0.01) for standard germination energy (SGE), standard germination percentage (SGP), cold test germination percentage (CTGP) and accelerated aging test germination percentage (AATGP) with mean field seedling emergence (FSE). Among them, the cold test germination percentage and accelerated aging test germination percentage were the two most widely parameters of seed vigor [5] ; In this study, the cold test was better than the accelerated aging test in predicting the field emergence rate ( Table 5 );
(2) the variance analysis showed that these five indices in 2018 all reached significant differences (p < 0.01) compared with 2013 (Table 5) . Moreover, SGE, SGP, CTGP, AATGP, and FSE had a very significant positive correlation (Table 4 ). Furthermore, we took SGE, SGP, CTGP, and AATGP as independent variables, FSE as a dependent variable, and carried out the multiple regression analysis each year (2013-2018) and for the total six years. According to the model parameters to evaluate the model fitting, we established the regression equations of each year, and the equation of six years, which was the appropriate regression model and could better predict the field seedling emergence (Figure 4 and Figure S3 , Tables S9-S11); (3) there were significant correlations (p < 0.05 or p < 0.01) between seed bulk density, flat compression yield stress, and FSE. Zhang et al. [40] analyzed the correlation of the seed density, yield, and quality of maize seeds and concluded that to increase the seed bulk density of maize, the total starch content of maize seeds should be increased first. Related studies on seed hardness of crops have been reported [41, 42] . Li et al. [43] isolated chromosome 5ra-specific genes responsible for seed hardness. Hardness is closely related to the mechanical properties of maize seeds during seed production and processing. The study demonstrated that flat compression yield stress, as one of the seed hardness indices, deserves to be further investigated; (4) starch metabolism plays an important role in seed germination and the vigor of crops [44] . Here, we found that total starch content was positively correlated with FSE (significantly correlated in some years, p < 0.05 or p < 0.01). Therefore, total starch content and related indices such as the activity of amylase activity can be used as a typical characteristic of high-vigor maize seeds; however, further studies are needed to confirm this.
Conclusions
In this study, a comparative analysis of seed quality indicators of 1196 hybrid maize seed samples from the main maize-producing areas in China from 2013 to 2018 was carried out. The results show that the maize seed quality in China has changed obviously in the past six years. This was mainly reflected by the following aspects: In 2013 and 2014, the percentage of samples with coated seed were 62.8% and 86.8%, respectively, and compared with them, the percentage increased obviously in 2015-2018, all exceeding 97%. The sample rate of packaging according to seed number was from 24.5% in 2013 to 58.6% in 2018, and the percentage of samples which met the prescribed quality standards continuously was 89.2% in 2013 to 98.4% in 2018. Based on the principal component analysis, the first principal component each year "resembles the seed germination and field seedling emergence factor"; taken together, mainly including standard germination energy (SGE), standard germination percentage (SGP), cold test germination percentage (CTGP), accelerated aging test germination percentage (AATGP), and mean field seedling emergence (FSE), and by cluster analysis, they could be divided into the same group. More importantly, the mean SGE, SGP, CTGP, AATGP, and FSE in other years were higher than in 2013 and reached significant differences (p < 0.05 or p < 0.01), except the mean SGP (2017). Furthermore, SGE, SGP, CTGP, and AATGP were used to establish the field emergence rate prediction models of each year (2013-2018) and SGE, SGP, and CTGP were selected to establish the field seedling emergence prediction models for the total six years. In addition, a series of important results were also obtained, which need to be further studied; the seed bulk density, total starch content, and flat compression yield stress were closely correlated with seed vigor. This study provided a theoretical basis and data support to better understand the changes of maize quality in China over the past six years and offered an important reference to further improve the maize seed quality in the future.
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